Quercus (oak) is among the most speciose and widespread genera occurring in Mexico; paradoxically, the ecological knowledge about Mexican oak forests is meager. Here we describe the fl oristic composition, diversity, and structure of the terrestrial component of the oak forests of the El Tepozteco National Park (TNP), Central Mexico, and relate their fl oristic and structural heterogeneity to the geomorphological complexity of the park. We randomly distributed sixty 100-m 2 plots among six geomorphological units: the lava fi elds of the Chichinautzin, Suchiooc, Otates (upper and lower) and Oclayuca volcanoes, and the El Tepozteco Range. Vegetation structure and diversity were described by geomorphological unit and for the oak forest as a whole for canopy (DBH ≥ 2.5 cm) and understory plants. We report 324 vascular plant species recorded in the plots, plus 17 species collected outside the plots (a total of 341 species, 208 genera and 88 families). The family with more species was Asteraceae (57) and the most speciose genus was Salvia (10). Geomorphological units differed in mean species richness per plot (12.0-33.5 species), absolute richness (60-149 species), and species' structural contributions. Structural differences were also observed, but they were not always signifi cant. Quercus rugosa was dominant in Chichinautzin, Suchiooc, and upper Otates; Styrax ramirezii in lower Otates and Oclayuca, and Quercus castanea and Q. obtusata shared dominance in El Tepozteco Range (the unit with the largest overall richness and oak species diversity). The structure and composition of TNP oak forests are highly variable, apparently due to the region's complex geological past. This heterogeneity should guide the conservation and restoration of these forests.
SEBASTIÁN BLOCK AND JORGE A. MEAVE (Nixon, 1993; Valencia-A., 2004) . In this country, oaks are particularly abundant and diverse in mountainous systems, regardless of whether these occur in the northern arid regions or the hyper-humid ones in southern states like Oaxaca and Chiapas (Nixon, 1993; Meave et al., 2006) . Oak forests are not only widely distributed in Mexico, but they are also one of the most species-rich vegetation types in the country (Villaseñor, 2004) . Regrettably, oak forests are also highly threatened due to urban and agricultural expansion, and historically due to wood extraction for charcoal production (Luna-José et al., 2003) .
Given the large suit of threats faced by oak forests, establishment of natural protected areas has been the major strategy for their conservation, in combination with ex situ plant collections in botanical gardens and arboreta (Oldfi eld and Eastwood, 2007) . Unfortunately, many natural protected areas in Mexico have not prevented forest cover change (Figueroa and Sánchez-Cordero, 2008) . A likely reason for such ineffectiveness is the failure to implement robust management plans based on high quality biological, ecological and socio-economic knowledge. An example of this situation is the El Tepozteco National Park (TNP), whose complex vegetation cover is insuffi ciently known to-date, despite its close proximity to numerous research centers and universities with strong academic groups conducting botanical research. Among the various vegetation types protected within its territory, oak forests are of particular interest, because of their large extent across a highly heterogeneous landscape and the persistent human disturbance they are subjected to (Vega-Guzmán et al., 2008) .
In response to the urgent need for accurate and reliable information on the magnitude and composition of the biodiversity thriving in Mexican national parks, and in order to provide the necessary tools for a more appropriate management of its resources, the objective of this study was to describe and characterize the fl oristic composition, plant diversity, and forest structure of the oak forests in the TNP. Also, we performed a preliminary analysis of the relationship between the geomorphological heterogeneity of the area and the fl oristic and structural heterogeneity of its oak forests.
Study area
Location and physical environment. The TNP covers an area of 23,268 ha, most of which lies in the northernmost portion of the state of Morelos, while a small section is located within the Federal District (Figure 1) . The park is located in the southeastern sector of the Trans-Mexican Neo-Volcanic Belt, a physiographic province 1,000 km long and between 20 and 200 km wide that spans across Mexico between 19º and 21º northern latitude (Ferrusquía-Villafranca, 1993) .
Topography in the TNP is complex, as it encompasses an elevational gradient from 1,380 to 3,350 m a.s.l. The highest peak in the park is the summit of Chichinautzin volcano, at its north-western end. Within the park's boundaries several other volcanoes occur, all of them being monogenetic and less than 40,000 yr old (Márquez et al., 1999) . These volcanoes sit on a plateau at ca. 3,100 m a.s.l., and their cones reach elevations between 50 and 150 m above the surrounding terrain. South of the volcanoes the terrain descends abruptly to a valley at ca. 1,500 m a.s.l. In the central part of the park the El Tepozteco Range is located; this is a distinct geomorphological unit due to its prominent cliffs and ravines, which provide a variety of suitable microhabitats for oak forest development. With the exception of some limestone of Late Cretaceous age in the southern portion of the TNP, most of its surface geology derives from the volcanic activity that has taken place in the region during the Cenozoic Era (Ávila-Bravo, 1998) . The El Tepozteco Range is predominantly composed of lahars and fl uvial deposits from the Oligocene-Miocene (Ávila-Bravo, 1998) . North of this physiographic unit, a mosaic of lava fi elds is found whose ages vary between ca. 1,800 and 40,000 years, all of which are the result of eruptive events of the abovementioned volcanoes (Espinasa-Pereña, 1999; Márquez et al., 1999; Siebe et al., 2004) .
Given its large elevational gradient, TNP comprises a large climatic variability. Regrettably, there is only one meteorological station in the park at 2,366 m a.s.l., roughly in the middle of the elevational gradient ( Figure 1C ). There, the average total annual precipitation from 1981 to 1996 was 2,099.5 mm (highly concentrated from June to October), while the mean annual temperature was 15.6 ºC (INE-GI, 2003) . Winter precipitation accounts for less than 5 % of total annual rainfall. In the elevational belt where most of the park's oak forests occur (2,000-3,000 m a.s.l.) the climate type is classifi ed as C(w 2 '')(w)big in the Köppen-Geiger system (Kottek et al., 2006) , i.e., temperate sub-humid.
Vegetation. The climatic variation associated with the elevational gradient, along with the complex topography, defi nes the presence of a diverse array of plant communities in the TNP. In the park, a gradual vegetation transition occurs from a seasonally dry tropical forest in the lowest parts to sub-alpine grasslands (known as zacatonales) in the craters of the highest volcanoes. Between these two extremes there are different types of temperate forests (i.e., thriving in C climate, sensu Köppen-Geiger), among which oak forests occur over a relatively wide range of climatic, topographic and geomorphological variation. Oak forests abut other vegetation types with which they share diffuse borders. The most prominent of these is pine forest, with pine dominance rising smoothly with increasing elevation. Also, within the oak forests there are patches of xerophytic scrub found in the youngest lava fi elds, and in the lowest part of the altitudinal range of oaks several species typical of seasonally dry tropical forest are common. Figure 1 . Location, limits and topography of the El Tepozteco National Park, Mexico. Both the geomorphological units recognized in this study and the climate diagram from the San Juan Tlacotenco meteorological station (indicated with the letter a) are shown (INEGI, 2003) .
OAK FORESTS IN EL TEPOZTECO NATIONAL PARK
Contour lines represent 50 m altitude increments. Main urban areas in the TNP are shown in gray. LF(s) = lava fi eld(s).
Botanists have been long interested in the fl ora and vegetation of the TNP. However, so far, they limited their studies to fl oristic notes (e.g., Hernández, 1945; Reko, 1945) and vegetation descriptions covering small areas only (e.g., Espinosa-Garduño, 1962) . For a detailed description of the park's vegetation the reader is referred to the draft of the TNP Management Program (available at: www.conanp.gob. mx/anp/consulta/Anteproyecto16may08.pdf) and a study by Vega-Guzmán et al. (2008) .
Methods
Based on geomorphological information reported by Espinasa-Pereña (1999) and on exploratory surveys in the area, we identifi ed six relatively homogeneous geomorphological units in the TNP in which oak forests are found. Among them, the Chichinautzin lava fi eld is the youngest, with an age of ca. 1,800 years (Siebe et al., 2004) . The other units correspond to lava fi elds of the Suchiooc, Otates and Oclayuca volcanoes (with ages between 10 and 40 thousand years), and to the El Tepozteco Range (about 20 million years old). Actually, Otates is a complex of volcanoes of similar ages; their lava fi elds are indistinguishable from each other. Thus, they were considered as a single geomorphological unit. Yet because of their broad elevational gradient, the Otates lava fi elds were divided into two units (upper and lower), with the 2,400 m contour line being the limit between them. In each geomorphological unit, we randomly located ten 100-m 2 (10 × 10 m) sampling plots. This resulted in a total of 60 sampling plots.
We conducted fi eld work during October and November of 2010 and 2011, because many plant species typical of 2007) . For measuring and analyzing forest structure, terrestrial plants rooted inside the plot were classifi ed in one of two strata: plants with a diameter at breast height (DBH, at 1.3 m) ≥ 2.5 cm, which we named 'canopy', and plants with a DBH < 2.5 cm, which we named 'understory'. We did not use a minimum height inclusion criterion because that would have led to the exclusion from the study of a considerable number of creeping and small-sized species. However, we did exclude seedlings (plants with cotiledonary leaves still present), as their taxonomic identifi cation is often very diffi cult. We assessed the cover of understory species in each sampling plot based on the Braun-Blanquet scale modifi ed by van der Maarel (1979) , which consists of nine ordinal values representing different ranges of percent cover within the plot. In order to use these ordinal values in numerical analyses, we transformed them with the equation:
( OTV -2) ln C = ---------1.415 where C is cover and OTV is the ordinal value (van der Maarel, 2007) .
When the stems of canopy individuals branched below 1.3 m, we measured all stems with a DBH ≥ 2.5 cm. We also measured two perpendicular crown diameters; crown cover was estimated calculating the area of an ellipse based on these diameters. Tree height was calculated with trigonometry based on measurements of observation angle to the top of the crown and distance to the base of the tree (Meave and Pérez-García, 2013) .
We collected specimens of all plant species within the plots, which then were identifi ed to species level whenever possible. To this end, we used taxonomic keys [mostly Mickel and Smith (2004) for ferns and Rzedowski and Rzedowski (2005) for spermatophytes], and consulted specialists in different families and groups (Appendix 1). Verification of taxonomic determinations was achieved through comparison of our specimens with herbarium specimens deposited at MEXU [National Herbarium of Mexico, National Autonomous University of Mexico (UNAM), Mexico City]. We prepared a checklist of all identifi ed taxa, organized taxonomically according to Christenhusz et al. (2011) and to the Angiosperm Phylogeny Group III (APG III, 2009).
We constructed smooth species accumulation curves with the Mao Tau procedure and accumulation curves of the effective number of species of H' (Jost, 2006) ; H' is Shannon index and was calculated with the following formula:
where S stands for total species richness and pi for the relative frequency of the i-th species (Magurran, 2004) . To estimate the total potential size of the fl ora we used the Chao 2 algorithm (S Chao 2 ; Chao, 1984 Chao, , 1987 , which is based on incidence data (presence/absence of species in sampling plots):
where S obs is the observed number of species, Q 1 is the number of species occurring in just one plot and Q 2 is the number of species occurring in exactly two plots. These calculations were performed with EstimateS ver. 9.1.0 (Colwell, 2013) .
We calculated the frequency, density, cover and basal area for each species and the total of each of these variables by plot, by geomorphological unit, and for the entire set of oak forests plots. With the relative values of basal area, density and frequency we calculated the importance value index (IVI) of each species both for the entire oak forests and by geomorphological units separately. As the data for structural variables did not meet the assumptions of parametric tests, we used the Kruskal-Wallis test for all the comparisons. When this test was signifi cant, we performed Kruskal-Wallis multiple comparisons as a post hoc test (α = 0.05). We conducted all statistical analyses with the software R version 3.0.2. (R Development Core Team, 2010).
Results
General description of the oak forest in the TNP. We collected 1,321 specimens of terrestrial vascular plants, almost all of them (96.7 %) within the sampling plots. We could identify to species level a large fraction of these specimens (83.9 %), while 6.5 % and 4.7 % could be only determined to genus and family levels, respectively. The remaining specimens (4.9 %) could not be determined to any level. Appendix 2 is the checklist of taxa identifi ed at least to genus level, including 88 families, 208 genera and 341 species. Among the latter, 85.6 % were angiosperms, 12.1 % were ferns and allies, and 2.3 % were gymnosperms. Asteraceae was the richest family, which with 57 species and 29 genera, largely
Genus
No. of species
Salvia 10
Pinus 7
Polypodium 7
Roldana 7
Ageratina 6
Cestrum 6
Desmodium 6
Quercus 6
Stevia 6 (Table 1) . With 11 species, the richest genus was Salvia, followed by Cheilanthes, which was represented by eight species (Table 2) . We recorded a total of 324 species in the sampling plots. Mean richness per 100-m 2 plot (± 1 S.E.) was 25 ± 1.13 species (range: 6-43 species). H' for the entire oak forest (i.e., all plots in all units combined) was 5.327, a value equivalent to 205.89 effective (equally frequent) species. In turn, the total size of the fl ora according to Chao 2 estimator was 446.19 species.
The understory species with the highest cover area was Salvia polystachia, followed by S. mexicana and Verbesina virgata. In turn, the most frequent understory species was Clematis dioica, recorded in 42 % of the plots, followed closely by V. virgata, Bomarea edulis and S. polystachia (occurring in 38, 37 and 37 % of the plots, respectively).
We tallied 492 individuals forming part of the canopy (i.e., DBH ≥ 2.5 cm), distributed among 52 species. More than a quarter of them were multi-stemmed, thus in total we measured 818 stems with a DBH > 2.5 cm. Over 80 % of the basal area and 68 % of the canopy cover were accounted for by only 129 very large trees (i.e., DBH ≥ 20 cm). Conversely, density concentrated among the individuals in lower diametric categories, since more than half of the stems were between 2.5 and 10 cm in DBH.
Comparison between geomorphological units. Mean species richness per plot varied signifi cantly between geomorphological units (P < 0.0001). The forest from Chichinautzin had the highest mean (± S.E.) richness per plot: 33.5 ± 1.38 species, and this fi gure was signifi cantly higher than most other units, except for Suchiooc (24.4 ± 1.82) and the El Tepozteco Range (27.1± 2.33). The opposite extreme was observed for Oclayuca, whose mean richness of only 12.0 ± 1.67 species per plot was signifi cantly lower than most units except for forests in upper and lower Otates (21.4 ± 2.59 and 19.4 ± 1.78, respectively).
Total richness in the geomorphological units, both observed and estimated, showed a similar pattern ( Figure  2 ). The Oclayuca forest was the least rich (60 species), in strong contrast to Chichinautzin, the richest among the forests occurring on lava substrate, with a total of 114 species. Nonetheless, the forest of the El Tepozteco Range was even richer (149 species). The differences between observed and effective numbers of species according to H' are illustrative about community evenness in the different forests. For example, though richer, the Chichinautzin forest was less even than the Oclayuca forest.
Both frequency and cover of understory species varied remarkably between geomorphological units ( Figure 3 ). Several very frequent species in the Chichinautzin forest like Sedum oxypetalum and Echeveria gibbifl ora were absent from other units. In contrast, other species like Salvia mexicana were common across several units. Generally, there were only one or two dominant species in each unit SEBASTIÁN BLOCK AND JORGE A. MEAVE but many rare species with similar IVIs. The only exception to this pattern was Oclayuca, where four species had high IVIs. The two species having the highest IVIs in the El Tepozteco Range and in the lower Otates forests, Rumfordia fl oribunda and Paspalum squamulatum, respectively, had large cover values in very few plots; on the contrary, other species like Bomarea edulis and Asplenium monanthes were very frequent in some units but had very low cover due to their small size.
We found considerable differences in the structural variables between units (Table 3) , but these were not always signifi cant. In Chichinautzin we recorded the lowest values for all variables. Conversely, the forest in Oclayuca had the highest basal area and height, the lower Otates forest had the maximum canopy cover, and the Suchiooc forest the highest density. Differences in basal area were not signifi cant (P = 0.105), but mean height values differed signifi cantly between Chichinautzin and upper Otates and Oclayuca (P = 0.0007). Cover also differed signifi cantly between units (P = 0.015). Although having half or less the cover value of any other unit, Chichinautzin only differed signifi cantly from lower Otates and Oclayuca, according to the Tukey test. In turn, despite a difference of 430 individuals ha -1 between the extreme density values of the different oak for- (Table 3) , differences in density were not signifi cant (P = 0.479). In all units, most individuals had low DBH values, so the frequency distributions of diameter classes always had the common shape of an inverted J (Figure 4) ; however, in some units this pattern was more evident than in others. For instance, both in Oclayuca and in lower Otates over 70 % of the stems had a DBH ≤ 10 cm, while in the El Tepozteco Range and Chichinautzin less than half of them were in this size class. The Chichinautzin forest also was unique in that 30 % of the stems had a DBH between 10 and 20 cm, and almost 20 % between 20 and 30 cm. In contrast, Oclayuca and lower Otates (the units with the largest proportion of stems in the lowest diameter class) were the only sites where we recorded stems with a DBH > 1 m.
The IVIs of canopy species recorded in more than one geomorphological unit were highly variable among them ( Figure 5 ). Quercus rugosa was dominant in Chichinautzin, Suchiooc and upper Otates. In Chichinautzin, this species' IVI was three times higher than the one for Arbutus xala- Notably, in these two units dominance of S. ramirezii was accounted for by its density, since it had less basal area than fi ve and three species in lower Otates and Oclayuca, respectively.
The forest at the El Tepozteco Range, which had the highest canopy richness (25 species) and diversity, had the OAK FORESTS IN EL TEPOZTECO NATIONAL PARK smallest differences in IVI among its dominant species. The two most dominant oaks, Quercus castanea and Q. obtusata, had almost identical IVIs; the former due to its highest basal area, the latter due to the highest density and frequency. In fact, with the exception of Q. obtusata, all other species appeared in less than half of the plots. In the canopy of the forest in the El Tepozteco Range, Q. glaucoides and Q. rugosa were also present, which means that this unit had the highest richness of oak species overall (four out of six recorded in this study).
Discussion
Overall analysis of oak forest richness and composition in the TNP. To our knowledge, no complete and reliable inventory of the fl ora of TNP was available until the present study was conducted. Any existing botanical information on the park until date has been inconsistent and incomplete. The TNP draft management plan reports the presence of 1,119 species of vascular plants; nonetheless, this checklist seems to be only based on documental research since there is no evidence of any fi eldwork supporting it. In turn, the Program for a Land Use Plan (Plan para el Ordenamiento Ecológico y Territorial) for the Tepoztlán Municipio (Municipio being an administrative unit roughly equivalent to a county in other countries; Anonymous, 2006) includes a list of 566 vascular plant species. This fi gure undoubtedly underestimates the plant richness of the park, considering that the list does not include common and abundant species reported in this paper, like Quercus rugosa, which was the dominant species in most of the oak forests studied by us. Flores-Castorena and Martínez-Alvarado (2010) conducted a fl oristic study of the vascular plants of the entire protected area known as the Chichinautzin Biological Corridor (of which TNP is a part), and found 1,265 species. However, it is also evident that their checklist is incomplete, since it lacks around one fourth of the species that we report, some of them also being frequent and abundant in the TNP oak forests, such as Ageratina photina, Bidens ocellatus, Psacalium peltatum, and Toxicodendron radicans. Moreover, other fl oristic studies conducted in the Corridor, though covering smaller areas, have reported large numbers of species. For example, Cerros-Tlatilpa and Espejo-Serna (1998) conducted a fl oristic survey on two hills of the Tlayacapan Municipio, adjacent to Tepoztlán, and reported 368 species of spermatophytes. Similarly, Hernández-Cárdenas et al. (2014) studied the fl ora of the Tepecapa ravine, also in Tlayacapan Municipio, and found 434 species of vascular plants. These fi gures strongly suggest that there is still a great deal of relevant basic fl oristic knowledge to be gained from the study of the vascular fl ora of TNP and the entire Chichinautzin Biological Corridor, in particular of dicots, as monocots have been studied more thoroughly (Pulido-Esparza et al., 2009) . The study of the bryophytes of the park is also urgent, as there does not seem to be any study about this group in spite of its recognized importance in several other Neotropical oak forests (Holz, 2006) .
Considering that the goal of our study was not to conduct an exhaustive fl oristic exploration of the park's oak forests, the magnitude of the recorded fl ora (341 species, including the 17 species recorded outside the plots) suggests that the oak forests host a large proportion of TNP's plant diversity, and that this concerns a natural protected area of great biological richness. This conclusion is further supported by the outcomes of the comparison of our results with available information from elsewhere, for example, from the Lagunas de Zempoala National Park (also embedded within the Chichinautzin Biological Corridor) for which there is a report of 359 species of vascular plants (Bonilla-Barbosa and Viana-Lases, 1997) . In other Mexican temperate forests, species richness varies within the same order of magnitude. For instance, in the Abies religiosa forests located in the core zone of the Monarch Butterfl y Biosphere Reserve there are 423 species of vascular plants (Cornejo-Tenorio et al., 2003) , whereas for the oak forests of the Zapalinamé Range (Coahuila State, N Mexico), only 239 species have been reported (Encina-Domínguez et al., 2007) . Further south, in a study of the oak forests of the Talamanca Cordillera, Costa Rica, Kappelle et al. (1995b) reported 431 species of terrestrial vascular plants. Though in many of these examples the respective fl ora is certainly richer than the one we report here, it must be taken into account that all of them were truly fl oristic studies based on botanical expeditions during at least one annual cycle, and supplemented with information from literature and herbarium specimens. Therefore, future fl oristic research in the TNP is very likely to reveal the existence of an even richer fl ora than that reported in this paper.
This conclusion is also based on the limited scope of our study, due to the decision to solely include terrestrial vascular plants present in the oak forests. As mentioned in the description of the study site, the TNP encompasses other well-represented vegetation types, such as pine forest, fi r forest, subalpine grassland and seasonally dry tropical forest, each of them having a sizeable array of species not occurring in the park's oak forests. As an example, among the 13 natural plant communities studied by Velázquez and Cleef (1993) along the slopes of the Tláloc and Pelado volcanoes, nearby and similar to the volcanoes of the TNP, six are dominated by species not found by us in this study. Moreover, the exclusion of epiphytes from our analysis also produces an underestimation of the total size of the fl ora, as these plants may represent up to one third of the total number of species in some tropical mountain forests (Gentry and Dodson, 1987) , and are of particular importance in some highland oak forests in the Neotropics (Wolf and Flamenco-S., 2006) .
The proportions of species in each supra-familiar taxon are similar to those recorded for other Mexican temperate forests (e.g., Ramírez-Marcial et al., 1998; Medina-García et al., 2000) , although the proportion of ferns and allies was higher than in the Monarch Butterfl y Biosphere Reserve (Cornejo-Tenorio et al., 2003) . The most speciose family was Asteraceae, as in most temperate highland forests in the country (e.g., Luna-Vega et al., 1994; Cerros-Tlatilpa and Espejo-Serna, 1998; Ramírez-Marcial et al., 1998; Cornejo-Tenorio et al. 2003; Martínez-Cruz and Téllez-Valdés, 2004) , as well as in other countries (e.g., in Colombia; Pulido et al., 2006) . In the Costa Rican mountain oak forests studied by Kappelle et al. (1995a) , Asteraceae ranked third by number of species. In turn, Fabaceae and Poaceae, the second and third most diverse families in this study, also have similar positions in other Mexican temperate forests (Cerros-Tlatilpa and Espejo-Serna, 1998; Medina-García et al., 2000) . Similarly, some of the most diverse families in our study, such as Lamiaceae, Solanaceae, Polypodiaceae and Orchidaceae, and the most diverse genera, such as Salvia, Ageratina, Roldana, Pinus, Polypodium and Stevia, bear the same status in several other Mexican temperate forests (e.g., Cerros-Tlatilpa and Espejo-Serna, 1998; Medina-García et al., 2000; Cornejo-Tenorio et al. 2003) .
The relatively small number of monocot species that we found is noteworthy, as the Chichinautzin Biological Corridor is known for a high diversity of orchids, bromeliads and grasses (Cerros-Tlatilpa and Espejo-Serna, 1998; Pulido-Esparza et al., 2009) . This paradox may be related again to the exclusion of epiphytes from our study, since a large number of bromeliads and orchids possess such growth habit. Ancillary observations during fi eldwork indi-cate that epiphytes are especially abundant in oak forests of Chichinautzin and El Tepozteco Range, and thus they likely represent an important component of the fl ora in those units. Furthermore, most of the monocots of the Chichinautzin Biological Corridor occur at higher elevations, e.g., in conifer forests (Pulido-Esparza et al., 2009) .
The TNP borders to the north the upper reaches of the Basin of Mexico (an endorrheic basin where Mexico City is located), which explains the large fl oristic similarity with that region. The fl oras of these two geographical regions share characteristic components of Mesoamerican mountains, including genera such as Fuchsia, Geranium, Lamourouxia, Rubus and Thalictrum. In addition, several species typical of the very humid mountains of Mexico occur, like Celastrus pringlei, Clethra mexicana, Fraxinus uhdei, Meliosma dentata, Oreopanax peltatus and Symplocos citrea. However, a remarkable difference is that the oak forest fl ora of the TNP comprises families characteristic of the hot lowland regions of the country that have not been found in the Basin of Mexico, such as Annonaceae and Flacourtiaceae (the latter being currently included in Salicaceae; Rzedowski, 2005) . The relatively high abundance of tropical families was to be expected, given the location of the TNP along the southern slopes of the Trans-Mexican Neo-Volcanic Belt, and therefore this region has a transitional character between this physiographic unit and the lowlands of the Balsas River Basin.
Comparison of oak forests diversity between geomorphological units. Our results showed a large variation in mean species richness per plot between geomorphological units, as well as in the observed and estimated richness for the whole units (see Figure 2) . Interestingly, the largest mean species richness per plot was recorded in the youngest lava fi eld (Chichinautzin), whereas the oldest lava fi eld (Oclayuca) had the smallest. In contrast, the lava fi elds with the largest effective number of species (i.e., equally frequent species) were those of intermediate ages (upper and lower Otates) . Such large differences in species richness and community diversity between sites created by volcanic activity at different periods strongly suggest that the differences are related to a primary successional process and the associated changes in environmental conditions (Cano-Santana and Meave, 1996; Walker and del Moral, 2003) . Though some studies have found larger plant richness in old lava fi elds than in young ones (Aplet et al., 1998) , most of them report a steady increase in plant richness during the fi rst 300 years of succession, followed by a decrease (Kitayama et al., 1995) . The initial increase in richness may be explained as a result of rapid colonization by pioneer species, which creates environmental conditions that facilitate subsequent, and usually much slower, community enrichment. Nonetheless, after this initial enrichment other processes that lowered species richness must have taken place. For example, it is plausible that with successional development the microenvironmental heterogeneity of the site decreased. Pahoehoe lava fi elds, like those occurring in TNP, are characterized by a high microtopographic heterogeneity with numerous crevices, cavities and walls, offering a variety of microhabitats that allow the coexistence of species with different environmental requirements (Santibáñez-Andrade et al., 2009) . This is a widely-accepted explanation for the high plant richness on the lava fi elds of central Mexico (Rzedowski, 1954) , which is in agreement with broad generalizations for highly heterogeneous habitats (Rosenzweig, 1995) . As succession proceeded, weathering, organic matter accumulation, and other soil forming processes created a more homogeneous environment until the whole terrain was covered with a deep soil layer (Cano-Santana and Meave, 1996; Walker and del Moral, 2003) , as in the Oclayuca lava fi eld. These changes in environmental heterogeneity associated with the successional process could also help explain the differences in community diversity. Although the Shannon effective number of species peaked in the lower and upper Otates forests, of intermediate age, we must keep in mind that these units are a complex of different lava fi elds. Apart from the Otates units, the effective number of species also decreased with increasing unit age, being highest in the Chichinautzin forest and lowest in Oclayuca.
Environmental heterogeneity in the youngest lava fi eld is particularly relevant at the microscale level, which implies that it is associated with a large variety of habitats mainly for small plants, such as herbs. This explains why the Chichinautzin forest had the highest mean richness per plot while having the poorest canopy. A high contribution of the herbaceous component for total richness has been reported for other plant communities occurring on top of old lava fi elds (e.g., Castillo-Campos et al., 2007) . However, from our results it is also evident that other geomorphological units unrelated to lava fi elds can be very heterogeneous and biologically diverse as well, as demonstrated in the El Tepozteco Range. In this unit, microscale heterogeneity fosters local diversity and understory richness, as in Chichinautzin. In El Tepozteco, however, the presence of numerous ravines, cliffs, and the overall complex topography, creates between-plot heterogeneity. This analysis of heterogeneity across spatial scales explains why, although Chichinautzin had the richest plots on average, the total diversity of the geomorphological unit was largest at El Tepozteco. Likewise, the interplay of environmental heterogeneity at different spatial scales could account for the higher evenness of the oak forest of El Tepozteco, which had the largest number of equally frequent species.
Another possible explanation for the lower species richness in sites with older volcanic substrates is that, with deeper soils and fewer nutrient limitations, some strongly competitive species are more likely to displace many other species. According to community assembly models based on stochastic equilibrium processes, nutrient limitation may result in a decrease of the speed of competitive displacement (Huston, 1994) . Basal area is a good estimator of community biomass and therefore of ecosystem productivity. The forest that occurs on the oldest lava fi eld had the smallest species richness and the highest basal area, in agreement with the sometimes-reported negative relation between productivity and species richness (Huston, 1980; Waide et al., 1999) .
In the absence of precise information, the percentage of exposed rock in a plot can be used as a proxy for substrate heterogeneity for plants. To gain a better insight about the relationships between richness and productivity, and between richness and environmental heterogeneity, we performed regression analyses of the number of species on basal area and on percentage of exposed rock. Both regressions were signifi cant, i.e., the number of species in the plots signifi cantly decreased with increasing basal area, whilst it was positively related to the percentage of exposed rock ( Figure 6 ). However, basal area only explained a small fraction of the variance in species richness (ca. 10 %), while the percentage of exposed rock explained 44 % of such variance. In fact, the richness-basal area relationship can be described as triangular, as richness was considerably more variable among plots with low basal area, whereas high basal area was always associated with low richness ( Figure 6A ). In plots with low basal area, low richness can also be due to anthropogenic disturbance; in the absence of this factor, plots could potentially contain more species. Further, intrinsic mechanisms that limit species richness may also operate in plots with high basal area, independently of extrinsic factors like anthropogenic disturbance. For example, large trees may cast deep shade, thus creating a light-limited environment at ground level; this would in turn constrain the growth potential of herbaceous plants, which is, as discussed earlier, the vegetation component with the largest contribution to species richness in this forest (Mooney and Ehleringer, 1997) . In addition to light limitations, plots with larger trees tend to have a higher litter accumulation, which may hinder plant recruitment (Facelli and Pickett, 1991; Mejía-Domínguez et al. 2011) . In our study, the species with the largest contributions to total basal area in the forests were oaks and pines, whose litter is particularly diffi cult to decompose due to high contents of tannins and terpenes, respectively (Schulze et al., 2002) . Because of their slow decomposition, the litter of these trees (especially of pines) tends to accumulate in the soil. The largest structural contribution of pines was observed in the Oclayuca forest, which could partially explain the low richness of its understory community.
Conclusions
Oak forests of the TNP represent a structurally highly variable plant community that hosts a large diversity of plants. The spatial distribution of this diversity is highly uneven as a result of the strong environmental heterogeneity occurring in the region, which in turn is linked to long-term successional processes derived from past volcanic activity. In recognition of such abiotic and biotic heterogeneity, which is probably not limited to the plant component of the ecosystem alone, but also true for other biological groups, the array of volcanic substrates and the associated variable oak forest offer an adequate framework for planning conservation and restoration activities that are urgently needed to maintain oak forest health in this important natural protected area.
Appendix 2. Checklist of vascular plant taxa from the oak forests of El Tepozteco National Park (Morelos, Mexico). Reference vouchers were deposited at MEXU, at FCME [Herbarium of the Faculty of Sciences, Universidad Nacional Autónoma de México (UNAM) (indicated with the herbarium's code next to voucher number)] or, for vouchers lacking reproductive structures or of few value for a collection, in the plant collection kept at the Plant Ecology and Diversity Laboratory of the Faculty of Sciences, UNAM (indicated with an asterisk). The geomorphological units where each taxon was recorded are also shown. Abbreviations for geomorphological units: CH = Chichinautzin, SU = Suchiooc, UO = upper Otates, LO = lower Otates, OC = Oclayuca, TE = El Tepozteco Range. 
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